A new nonlinear high-order theory for orthotropic elastic sandwich plates is formulated. In this theory, in which the compressibility of the soft core in the transverse direction is considered, the transverse displacement in the core is of fourth order in the transverse coordinate and the in-plane displacements are of fifth order in the transverse coordinate. The theory is derived so that all core/face-sheet displacement continuity conditions are fulfilled. The nonlinear governing equations, as well as the boundary conditions for sandwich plates with orthotropic phases, are derived via a variational principle. The solution procedure is outlined and numerical results for the simply supported case of transversely loaded plates are produced for several typical sandwich configurations. These results are compared with the corresponding ones from the elasticity solution. Furthermore, the results using the classical sandwich model with and without shear are also presented. The comparison among these numerical results shows that the solution from the current theory is very close to that of the elasticity in terms of both the displacements and the transverse stress through the core. Observations in the current work suggest that this new high-order theory could have significant applications in studying the structural and failure behavior of sandwich plates. 
T IS the core and its layout in a sandwich construction, consisting of two metallic or composite thin face sheets separated by a thick core, that give this type of structure superior properties: namely, high stiffness and strength with little resultant weight penalty and high energy-absorption capability with regard to impact loading. With the increasing interest in the application of sandwich structures to aerospace vehicles, marine vessels, and civil infrastructure, the last decade has seen extensive efforts being devoted to the study of the static and dynamic behavior, failure mechanisms, design, and manufacturing improvement of such structures [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . In spite of this fact, a detailed review of the literature reveals that most of the researchers have based their work on the noncompressible core model, in which the rigidity of the core in the thickness direction is assumed infinite; that is, it is transversely incompressible. Depending on whether or not the shear effects are considered, this model is also referred to as the classical model or the first-order shear model, respectively. This analytical model was proposed in the 1960s [1, 2] and is simple for practical use. Its assumption is acceptable for most cases in which the sandwich core is stiff and the loading is static.
However, when the core is soft compared with the faces of the sandwich structure, the incompressible model may not be appropriate. As a matter of fact, recent numerical simulations [3] and experimental results [4] show that the core is under significant nonlinear deformation when a sandwich structure is subject to underwater blast loading. Because the classical or first-order shear models do not account for the core transverse deformation, the information regarding the transverse stress distribution through the thickness cannot be properly obtained. The absence of such knowledge may lead to inaccurate prediction of the failure modes, such as the debonding between the faces and the core, or of the energy-absorption capacity. To fill this gap, Hohe et al. [5] proposed an approximate model with constant transverse strain in the core. Furthermore, Frostig et al. [6] proposed a model with linear transverse strain through the thickness of the core, but this model was formulated as a one-dimensional model (i.e., for a beam). However, when a sandwich structure is subject to severe loading such as that induced from blast loading or impact, the core could undergo highly nonlinear transverse deformation [3, 4] . Therefore, a new analytical but practical (i.e., easy to be implemented) high-order compressible core model that can take this nonlinearity into account would have significance in the study and design of sandwich structures.
The accuracy of any of these models can be readily assessed because an elasticity solution exists. Indeed, Pagano [7] presented the three-dimensional elasticity solution for rectangular laminates and sandwich plates for the cases of 1) a phase with negative discriminant of the cubic characteristic equation, which is formed from the orthotropic material constants, and 2) an isotropic phase, which results in a zero discriminant. The roots in this case are all real and unequal (negative discriminant) or all real and equal (isotropic case). In a recent paper, Kardomateas [8] presented the corresponding solution for the case of positive discriminant, in which case two of the roots are complex conjugates. This is actually a case frequently encountered in sandwich construction, in which the orthotropic core is stiffer in the transverse than the in-plane directions.
In this paper, we present an advanced new high-order core model in which the transverse displacement within the core is no longer a constant, but it varies as a fourth-order function of the transverse coordinate. The in-plane displacements of the core are fifth-order functions of the transverse coordinate. The transverse compressibility and shear deformation of the core are incorporated into the constitutive law. To verify the current model, a study of a typical sandwich plate with elastic orthotropic phases subject to transverse loading is performed. The results are obtained using the elasticity solution [7, 8] , the classical model [1, 2, 9] , and the first-order shear model [1, 2, 9] . The comparison among these results is made to illustrate the validity of the current model. We should note that the linear core strain model in [6] was presented for beamlike sandwich panels and no formulas for plates are available; furthermore, the constant-core-strain model assumptions were outlined in [5] , but no explicit equations that can be readily solved for the displacements were presented; therefore, a comparison with the linear model in [5] was also not possible at this point.
The sandwich structures considered here are composed of two composite/metallic thin face sheets of high mechanical properties separated by a thick soft core. Transverse compressibility of the core will be taken into account. In the development of the high-order core theory, the following assumptions will be adopted:
1) The face sheets satisfy the Kirchhoff-Love assumption, and their thicknesses are small compared with the overall thickness of the sandwich section. In the current study, the two face sheets are further assumed to be identical.
2) The core is compressible in the transverse direction: that is, its thickness may change.
3) The bonding between the face sheets and the core is assumed to be perfect.
The paper is organized as follows: In Sec. II we develop the new high-order compressible core theory. In this theory, the transverse displacement of the initial midplane is considered as an unknown function of the in-plane coordinates x; y. The in-plane and transverse displacements in the core are then expressed as functions in terms of the displacements of the two face sheets and the displacement of the core initial midplane. In the derivation, the displacement continuity conditions at the interfaces between face sheets and the core are employed. In Sec. III we present the derivation of the governing equations and associated boundary conditions for the sandwich plate. Subsequently, the equations for orthotropic sandwich plates are presented in detail. In Sec. IV we outline the solution procedure to solve the nonlinear equations by applying this theory to a simply supported sandwich plate under transverse loading. In Sec. V we present the numerical results for a typical sandwich-plate configuration. The comparison of the results with those from the elasticity solution, the classical model, and the firstorder shear model is also given in this section. In Sec. VI we give some conclusions and suggestions on future work. For completeness, the governing equations for the classical model and the first-order shear model are given in Appendices A and B.
II. Derivation of the New High-Order Shear Theory
In the following, we consider a sandwich plate with two identical face sheets of thickness f and a core of thickness 2c and let a Cartesian coordinate system x; y; z be on the middle plane of the core, as shown in Fig. 1 . The corresponding displacements are denoted by u; v; w. We further use the superscripts t, b, and c to refer to the top face sheet, bottom face sheet, or core, respectively, and the subscript 0 refers to the middle surface of the corresponding phase.
A. Displacement and Strain Representation for the Face Sheets
The face sheets are assumed to satisfy the Kirchhoff-Love assumptions, and their thicknesses are small compared with the overall thickness of the sandwich section. Therefore, the displacements for the top face sheet are expressed as In practice, the core can be deformed in the transverse direction when a sandwich structure is loaded. As a first-order approximation, this deformation may be neglected, as is the case in the classical sandwich model. But in many instances it is necessary to include the transverse deformation. For example, the transverse deformation may be crucial in the energy-absorption capability of a structure subject to extreme loading such as blast loading. To capture the core transverse compressibility, we can use a higher-order series expansion in terms of the transverse coordinate to represent the inplane and out-of plane displacements. In the current study, the transverse displacement in the core, w c , is of fourth order in the transverse direction z: 
It should be noted that the core is considered to be undergoing large rotation with a small displacement; therefore, the in-plane strains can be neglected.
C. Constitutive Relations
The equations developed so far can be applied to general materials. In the following sections, we shall assume that the face sheets are orthotropic laminated composites and that the core is also orthotropic. The general stress-strain relationship for any layer of the face sheets reads as Applying a similar procedure, one can obtain the following resultant expressions for the bottom face sheet:
with the stiffness coefficients reading as 
III. Governing Equations and Associated Boundary Conditions
The governing equations and appropriate boundary conditions can be derived using the variational principle. The sandwich plate is assumed to be subject to a transverse loading qx; y on the top face sheet. Let the strain energy be denoted by U and the external work by W, then the variational principle states 
The governing differential equations and the boundary conditions can be obtained by substituting the stress-strain relations (9) and (10), strain displacement relations, and displacement profile relations (7) 
The constants i (i 0; . . . ; 4) in the preceding equations relate to the ratio of face thickness and core thickness and are defined as follows: IV. Application of the High-Order Theory to a Simply Supported Sandwich Plate
In this section, the solution procedure for the response of sandwich plates will be demonstrated through the study of the simply supported case under transversely applied loading. In this case, the boundary conditions are as follows:
For x 0, a, and y 0; b (Fig. 1) , (19d-19f) , and (21d-21f), one can determine the functionsF
The next approximate values of displacements are found by solving Eq. (25) with the updated loading vector. This procedure is continued until a series of approximate solutions for the in-plane and transverse displacements are determined by the nth iteration with a convergence tolerance applied on the displacements normalized by the total height of the sandwich section, such that 10 5 between two consecutive solutions.
V. Numerical Results and Discussions
In this section, we shall present the numerical results for several typical sandwich-plate configurations with orthotropic phases. The results using the elasticity solution, the classical model, and the firstorder shear model will also be presented. The results from the current high-order theory will be compared with the results obtained from these models. It should be noted that a comparison is not made with the Frostig et al. [6] theory, because this theory was developed for sandwich beams; that is, it is a one-dimensional theory, unlike the present theory, which is two-dimensional (for sandwich plates). A comparison is also not made with the linear core strain theory [5] , because although the basic assumptions of the theory were given in [5] , the explicit equations in terms of displacements were not given and therefore they were not available for direct application.
Let us assume a loading of the form Plotted in Figs. 2 and 3 are the normalized displacements at the top face sheets as a function of x at y b=2 for two plates with a b 5h tot and 20h tot , respectively. Both the classical and first-order shear (where shear is assumed to be carried exclusively by the core) seem to be inadequate, the classical theory being too nonconservative and the first-order shear theory being too conservative; this demonstrates the need for higher-order theories in dealing with sandwich structures. The present high-order theory gives a displacement profile that is practically identical to the elasticity solution for a b 5h tot and it is very close to the elasticity solution for a b 20h tot .
One may further see that the accuracy of the first-order shear model and the classical model increases as the plate span increases from a b 5h tot to 20h tot , in the sense that they get closer to the elasticity solution. The reason for this observation is that the plate of a b 5h tot is a very short/thick plate (it is essentially a threedimensional structure, rather than a plate); that is, the shear and transverse compressibility, as well as their coupling in the sandwich plate, play a big role in its deformation. Because both the first-order shear and classical models assume an infinite transverse rigidity, they can only capture a portion of the total deformation of the plate. But when the span becomes larger, such as a b 20h tot , the threedimensional effects such as the coupling between shear effects and core compressibility become less pronounced.
The distribution of the transverse stress in the core, zz , as a function of z at x a=2 and y b=2 for a sandwich plate of a b 20h tot is plotted in Fig. 4 , in which only the values using elasticity and present high-order model are presented, because the first-order shear model and the classical model consider the core incompressible. The minus sign means that the stress is compressive. Of interest is the surface at z=c 1, which is the face-sheet/core interface at the side on which the loading is applied and shows the highest value of stress. One can see that the nonlinear model gives a conservative prediction on this peeling stress (the stress that separates the core and the face along their interface, where a debond failure often initiates) at z=c 1. It should also be noted that a linear high-order model [5] , which would imply a constant transverse normal strain, would subsequently give a nearly constant normal stress, and therefore it would not be able to capture the large variation of normal stress through the core thickness, as observed in Fig. 4 . These observations suggest that using the nonlinear model could help in the safety design of sandwich structures.
VI. Conclusions
In this paper, a new high-order theory for sandwich plates is presented and explored in detail. In the derivation of the governing equations and boundary conditions, both the core compressibility and the core shear are considered. A procedure to solve the nonlinear equations is also outlined. Numerical results from this theory are presented for a typical sandwich-plate configuration with orthotropic phases. These results are compared with those obtained using the elasticity solution, the first-order shear, and the classical models to justify the merits of current theory. Observations from the current work suggest following conclusions: 1) In terms of the displacement profile, the current new theory gives a prediction that is very close to the exact elasticity value.
2) Current new theory gives a very adequate solution to the distribution of the transverse normal stress in the core of a sandwich plate. Though the transverse normal stress in the core could contribute to several failure modes, such as debonding at the interface between faces and the core, local wrinkling, and core crushing, there have not been plate-theory-based analytical models that could properly describe this transverse stress profile in the core of a sandwich plate. Therefore, this new theory could have wide applications in the investigation of the behavior of sandwich structures. 
where is the determinant of matrix L. Note that this shear model is similar to the Timoshenko shear beam model.
